We show two useful methods to design grating compensated dispersion-managed systems. Our method is in good agreement with the numerical results even in the presence of group delay ripples in the gratings.
Introduction
Among the many different dispersion compensating methods, the use of chirped fiber gratings (CFGs) is an effective one because of its compact size. Also, CFGs can compensate higher order dispersion, have low insertion loss, and no nonlinear effects. It has been shown that solitons exist in dispersion-managed @M) systems utilizing CFGs for dispersion compensation There are no analytical methods to find soliton solutions in DM systems compensated by CFGs. Numerical averaging method [3] , developed by Nijhof et al., is the commonly used technique to find the soliton solutions in DM systems. The algorithm depends on the input pulse energies. It is difficult to use this method to get a stable solution for desired pulse width and energy simultaneously. System engineers are however interested to design DM system for a given bit rate (hence the pulse width) and initial pulse energy from the available laser source.
The pulse amplitude and width are related in DM solitons. We are, also interested in the inverse problem, i.e., for a given DM system and transmission rate (hence the pulse width), we want to determine the energies of the DM solitons which give a guideline for engineers to launch signal in the systems. In wavelength division multiplexing (WDM) systems, the total pulse energy available in the system is limited.
The pulse energy in each channel can be used to estimate the maximum number of channels in WDM systems. Of course, we can use the numerical averaging algorithm and interpolation to fmd the pulse energy for a particular transmission rate. The process, however, can be time consuming.
In this paper, we present two efficient methods to design DM systems. One is to obtain the map design for a given Gaussian pulse energy and width in DM soliton communication systems compensated by CFG [4] . The other is to obtain the Gaussian pulse energy of the DM solitons in a given grating compensated DM [1,21. communication system [5] . We will layout the procedure to obtain the pulse parameters in the systems. We will also show that our results are in good agreement with those obtained using numerical averaging method.
System Modeling
Pulse propagation in DM systems is govemed by the nonlinear Schrodinger (NLS) equation where q is the envelope of electric field, z is the normalized transmission distance, and t is the normalized time, p(z) is the group velocity dispersion (GVD), and y is Kerr coefficient. The parameter p (2) The CFGs have group delay ripples (GDR) which is the result of imperfections formed during the fabrication of the gratings. The ripple period of GDR in CFGs can be as small as 10 picometers which is much shorter than the signal bandwidth in our study. The effect of GDR is small and the effective grating dispersion is equal to the average lumped grating dispersion g [2] . We, therefore, neglect the effect of ripples in the following analysis. The filter transfer function is modeled as Equations (I) and (2) can be solved by the variational method. We choose an ansatz where x I . x2, x3, x4, xs. and x6 depend on z and correspond to the amplitude, temporal position, width, quadratic phase chirp, center frequency and phase, respectively, of the pulse. The evolution of the width (x3) and chirp (x4) parameters in the optical fibers is given by the coupled equations,
where E,=X;X, is a constant proportional to the Gaussian pulse energy and the over-head dot represents the derivative with respect to z. At the mid-point of the anomalous dispersion fiber, the DM soliton reaches the minimum pulse width x,., where we launch the pulse into the system. During the pulse propagation, when DM soliton reaches the end of the fiber segment, the pulse width breathes to the maximum (x~,,,) and the pulse will enter a CFG for dispersion compensation. The effect of the CFG can also be determined as Our analytic results are compared with the results from the averaging method. We consider a fiber dispersion of 1 p s M n m , nonlinearity of 2 ktK'W-', and input width of 5 ps and analytically calculated the map length and grating dispersion values. Table 1 shows the grating dispersion and map length values of the dispersion maps calculated from expressions (7) and (8). As the pulse energy increases, the grating dispersion decreases, but the dispersion map length increases, i.e., the anomalous average dispersion ofthe dispersion map increases in order to balance the increase in nonlinear effects. The grating dispersions and map lengths are larger for the dispersion map with higher map strength. 
Analytical Method
In setting up a new DM system, first one needs to decide the periodic dispersion function (i.e. dispersion map) along transmission distance for a given transmission rate and available optical fiber. This method is to get the dispersion map design (fiber length and gratine dispersion) with a given pulse -. 
0 0 where We also can obtain the required grating dispersion as g=2x;"J4, /(4+x;mx:,),
where
x4b =-&4fl'lx;m -2&flyE,/x,, +Zc/(&,).
The CFG, however, have GDR which are induced during the grating manufacturing processes and it will cause side peaks in the pulse temporal profile as shown in Fig. 2 . Since the total energy in the side peaks is much less than that in the central peak of the pulse, the significance of the side peaks is very small [2]. Thus we have not included the effect of GDR in our analytical design. In order to show the usefulness of ow method, we apply our analytical method to the DM soliton systems with GDR in gratings. In general, the structure of the GDR in CFG is quite complex. Hence for simplicity here we use sinusoidal form of GDR in all the simulations which involve GDR in gratings [2].
We consider a sinusoidal form of GDR with amplitude 5 ps and period 0.064 nm in the gratings of the analytically designed DM soliton systems in Fig. I .
Normalized time This analytical design idea in grating compensated lossless DM system can be systematically utilized for designing lossy DM soliton systems [4]. 4 
Semi-analytical Method
In the existing systems, we have to obtain the pulse energy for a particular pulse width (hence transmission rate) since pulse amplitude and Width are related in solitons. In order to have stable periodic propagation, launching a suitable initial pulse with required energy is important.
Here we also neglect the effect of GDR [2] . Using Gaussian ansatz in the variational analysis of the NLS equation, we have derived the pulse width (x3) and chirp (x4) evolution equations (4) and (S), for both the fiber and the grating sections. Then solving those equations we obtain Eq. (7) and pulse energy as
-JZp(x,", +x,.)/(m,s.)
where EO, x3-, x3,, and x4in are respectively the energy, minimum and maximum width, and chirp (at the input of gratings) of the pulse. The procedure of the semianalytical method is:
1. Setting x3, =& and x4h = l/g, where g is grating dispersion, in Eqs. (7) and (9), we can get a transcendental equation for minimum pulse width x3. which can he numerically solved to obtain a value, T , . . 3. Now for the given x3. and unhown q, from Eqs. (7) and (9), we can get a transcendental equation for x3, which can be solved by numerical iterations. 4. Finally pulse energy Eocan he calculated from Eq.
Given the input
(9) With the values of q-, x3m andx4&
To illustrate the effectiveness of ow method, we use numerical method to find the periodic DM soliton solutions and compare the results. We compared two DM systems both of which are made up of 50 km fiher segments with a dispersion value of 1 ps/km/mn. The grating dispersions of the two systems are -39.7 ps/nm and 4 6 . 6 p s / m respectively. Figure 3 shows the input width versus the input energy Eo. The solid and dashed curves respectively represent the results obtained from ow method and the numerical averaging method. It shows the results are in good agreement. Now, let us discuss how we can include the effect of loss and periodic gain in our design procedure. Due to the losses, the input energy will decay exponentially. Hence, we like to shift the location of the grating in such a way that the local average dispenion before and after the grating can follow the decrease in energy, The new fiber length after the grating L2 can be calculated To calculate the input parameters of DM solitons, we have to construct a virtual lossless dispersion map that has the same grating and fiber dispersion hut with total fiber length ZL,. We use the above semi-analytical method for the lossless case to find the input pulse parameters of the virtual lossless dispersion map. We find that the input energy (Eh) of the lossy system is related to the input energy (Eo) of the virtual lossless system asE, = E , % / [ I -~~~( -~) ] .
For the numerical simulations, we consider the same parameters as in the case of lossless system and with a = 0.2 d F J b and amplifier spacing of 50 !an. Figure 4 shows that our results are in good agreement with the numerical results.
Conclusion
In summary, we have presented two efficient methods to design new grating compensated'DM systems and to find the initial pulse parameters of stable pulse solutions for any given existing grating compensated DM system. We have shown OUT design can be applied for gratings with GDR We also have shown that similar idea can he utilized for lossy DM soliton systems [4,5].
